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First use of a neutral cluster and air ion spectrometer in Australia 
E.R. Jayaratne, B. Pushpawela, X. Ling, L. Morawska 
 
ABSTRACT 
 
Aerosol particles form from molecular clusters at a size of about 1.6 nm. Conventional 
aerosol measuring instruments such as the scanning mobility particle sizer (SMPS) cannot 
monitor particles smaller than about 5 nm. The neutral cluster and air ion spectrometer 
(NAIS) is a recently developed instrument that is designed to measure airborne ions and 
particles down to a size of 0.8 nm, which is smaller than the size boundary between clusters 
and particles. It is, therefore, able to observe and measure aerosols at the very sizes that they 
are formed, permitting more reliable identification and characterisation of new particle 
formation (NPF) events in the atmosphere than has been possible so far. The Queensland 
University of Technology purchased a NAIS in 2011. Although, it had been used in several 
locations around the world, at the time it was the very first NAIS in the Southern Hemisphere 
and is still the only such instrument in Australia and New Zealand. Since then, the instrument 
has provided a wealth of data in Australia. For example, for the very first time, it has enabled 
us to monitor charged particle concentrations near busy roads and overhead powerlines and to 
reliably identify NPF and determine formation and growth rates of particles in various 
environments. In this article, we will provide a summary of our findings from the various 
projects that were conducted over the last five years and discuss the future directions of this 
research. 
 
Keywords:  Charged particles, clusters, new particle formation, corona ions, motor vehicle 
emissions. 
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INTRODUCTION 
 
Airborne particles occur in number concentrations ranging from a few hundred cm-3 in clean 
environments, such as marine and mountain locations, to over 1 x 105 cm-3 in polluted 
environments such as near busy roads and industrial areas (Hinds, 1999; Morawska et al., 
2008). The size distributions of aerosols generally appear as the sum of three symmetrical 
log-normal distributions with peaks near 10 nm, 100 nm and 1.0 μm (Baird and Cann, 2005).  
At the large size end, we have the so-called coarse mode, consisting of particles formed by 
mechanical processes such as wind-blown dust, soil and pollen. In-between, with a peak near 
100 nm, is the accumulation mode, consisting of primary particles such as soot, emitted 
directly from motor vehicles and other combustion sources. The smallest particles are in the 
nuclei mode with a peak near 10 nm (Hinds, 1999; Morawska et al., 2008). These 
‘nanoparticles’ are formed through homogeneous condensation of gaseous precursors in the 
air, a process known as secondary particle formation or new particle formation (NPF) 
(Seinfeld and Pandis, 1998). NPF have been widely observed at many diverse locations 
(Kulmala et al, 2004). The associated precursors in NPF generally include vapours of 
pollutants formed by chemical reactions. In urban environments, they are typically volatile 
organic compounds and sulphuric acid formed by the oxidation of gaseous sulphur dioxide 
(Seinfeld and Pandis, 1998). The gaseous precursors in forest and country areas are mainly 
organic gases emitted by vegetation. For example, isoprenes from deciduous trees and shrubs 
and a range of terpenes that are emitted from trees such as conifers (Evans et al., 1982). In 
Australia, the widely distributed eucalyptus has been identified as a major producer of 
isoprenes (He et al, 2000). Studies have shown that in certain environments, over 80% of 
particles by number are secondary particles produced by biogenic emissions (Hallquist et al., 
2009). Bursts of nanoparticles have been observed in urban environments during the day 
when solar radiation leads to high concentrations of ozone which act as an oxidising agent 
(Woo et al, 2001). Biogenic iodine has been identified as a precursor for NPF in marine 
environments (O’Dowd et al., 2002). 
 Until recently, particle number concentrations and sizes were monitored with 
instruments such as the condensation particle counter (CPC) and the scanning mobility 
particle sizer (SMPS). The International Laboratory of Air Quality and Health (ILAQH), 
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Queensland University of Technology (QUT), has been using these instruments in many 
projects since 1995. SMPS’s were also used in later years by the CSIRO, NSW. However, 
these instruments typically have a lower detection size of about 10 nm, with a very minimum 
of about 5 nm. They are, therefore, not capable of monitoring NPF which occurs at a size of 
about 1.6 nm. Below this size, gaseous molecules tend to come together to form molecular 
clusters. Under favourable conditions, generally determined by a threshold level of 
supersaturation, these clusters grow to form particles. In recent years, we have seen the 
emergence of more sophisticated instruments such as the neutral cluster and air ion 
spectrometer (NAIS) that can monitor both charged and neutral particles down to a size of 
about 0.8 nm. This includes the size boundary between clusters and particles and the NAIS is 
therefore able to observe and measure particles at the very sizes that they are formed. This 
also allows us to reliably identify NPF events in the atmosphere and determine particle 
formation rates and growth rates to a greater accuracy than has been possible with the SMPS. 
ILAQH purchased a NAIS in 2011. Although, it had been used in several locations around 
the world, at the time it was the very first NAIS in the Southern Hemisphere. Since then, the 
instrument has provided a wealth of data in Australia and, for the very first time, enabled us 
to monitor charged particle concentrations near busy roads and overhead powerlines and to 
reliably identify NPF and determine formation and growth rates of particles in various 
environments. In this article, we will provide a summary of these findings over the last five 
years. 
 
METHODS 
 
The NAIS is manufactured by Airel Ltd, Estonia (Mirme and Mirme, 2013; Manninen et al, 
2016). It is primarily designed to measure mobility distributions of sub-3 nm neutral and 
charged aerosol particles and clusters. A good description of its operation may be found in 
Manninen et al, 2009. Controlled charging, together with electrostatic filtering, enables it to 
measure both charged and neutral particles. The principle of operation is similar to the 
electrostatic classifier in an SMPS using unipolar charging and detection with an electrical 
mobility analyser, except that it has two classifier columns, one for each polarity of charge. 
The ions are classified by a cylindrical differential mobility analyser. The outer cylinder in 
each column has 21 electrically isolated electrometer rings that enable the instrument to 
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report ion and particle number distribution in 21 size bins within the mobility range 3.16–
0.001 cm2 V-1 s-1. This corresponds to a mobility diameter range of 0.8-42 nm. Thus, while 
the NAIS can measure particles down to their formation size, it can also determine the neutral 
and charged particle concentrations up to 42 nm. Furthermore, the concentrations and size 
distributions are reported for both positive and negative charged particles simultaneously. 
 
 
RESULTS 
 
Ambient measurements 
The NAIS was placed within a sixth-floor laboratory in the Gardens Point campus of QUT 
and outdoor air was sampled through a short tube protruding through a window. Fig 1 shows 
the instrument as it was located during these measurements. Monitoring was carried out 
continuously over a number of time periods ranging from three days to four months making 
up a total of over 350 full days of data within a total period of three years. This enabled us to 
obtain, for the first time, a comprehensive picture of the occurrence of NPF in Brisbane, 
including their frequency and times of occurrence.  Fig 2 presents a typical NAIS total 
particle number spectragram obtained during an NPF event showing the typical banana-shape 
during formation and growth. In the figure, the vertical axis represents particle size and the 
horizontal axis is time. The particle number concentrations are given as dN/dlogD where N is 
the number of particles in each bin about particle diameter D and represented by the colour 
contours. From this spectragram we see that the NPF event began at about 10:00 and lasted 
until about 13:00 – a duration of three hours. Particle growth continued until at least 16:00 – a 
duration of six hours. In addition, the data provides several physical characteristics of the 
particles, such as their number concentrations and rate of increase in number. In the NPF 
shown in Fig 2, the number concentration increased from about 40,000 cm-3 at 10:00 to about 
180,000 cm-3 at 12:00 – a rate of increase dN/dt of 70,000 cm-3 h-1. With respect to the charge 
on the particles, we were able to derive the positive and negative charged particle 
concentrations, the coefficient of unipolarity (ratio of positive ions to negative ions), the 
fraction of particles charged (ratio of charged particles to total particles) and the charging 
state (ratio of observed fraction charged to the equilibrium fraction) (Jayaratne et al 2015a, 
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2016). While most NPF occurred during the first half of the day, we did not observe a clear 
trend over the annual cycle. These findings are summarised in Table 1. 
 In urban environments, the principal precursor gas for particle formation is sulphuric 
acid. Once formed, particles will continue to grow, not just from sulphuric acid but from 
ammonia and organic gases in the atmosphere (Seinfeld and Pandis, 1998). Growth is 
sustained provided the precursor gas concentration remains sufficiently high. However, these 
gases also tend to condense on pre-existing particles in the air which  act as condensation 
sinks. Therefore, high concentrations of particles in the atmosphere will reduce the gaseous 
supersaturation and mitigate the NPF process. This is why NPF events are more likely to be 
observed when the air is cleaner. In a follow-up study, Jayaratne et al (2015b) showed that 
there was a strong correlation between the occurrence of an NPF event and both atmospheric 
visibility and the ambient PM10 value in Brisbane. They showed that the particle backscatter 
coefficient (BSP) in the atmosphere at 08 h on a given day is a reliable indicator of an NPF 
event later that day. In particular, the probability of observing an NPF event was greater than 
95% when the measured BSP at 08 h was less than 6.8 Mm-1. While these thresholds were 
characteristic of Brisbane, it is expected that similar trends would be observed in other 
locations. 
 
Overhead power lines 
Overhead power lines are prone to corona discharge which results in the emission of large 
concentrations of ions into the surrounding environment (Matthews et al., 2010; Jayaratne et 
al., 2011). A significant fraction of these ions are soon attached to aerosols giving rise to 
charged particles that may be carried large distances in the wind. These charged particles are 
of concern as they are easily lodged within the human lungs during respiration (Prodi, 
Mularoni, 1985; Cohen et al, 1998). While several studies have measured particle and total 
ion concentrations as a function of downwind distance from overhead power lines, it is often 
overlooked that total ions include both air ions and charged particles. In a world-first study, 
Jayaratne et al (2015c) used a NAIS to measure the charged particle concentration as a 
function of downwind distance from an overhead power line. 
 Fig 3 shows the total charged particle concentration (negative + positive) as a function 
of downwind distance from an AC high-voltage overhead power line with the wind direction 
being normal to the lines. The horizontal green line shows the background charged particle 
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concentration, which was about 2100 cm-3, as determined on the upwind side of the line, well 
away from it.  The charged particle concentration from the line gradually increased and then 
decreased in the downwind direction. The maximum concentration of about 5000 cm-3 
occurred, not directly under the line, but some 30-40 m away from the line. This was to be 
expected as the lines were about 15 m above the ground and the ions from the line are swept 
horizontally by the wind. Ions attach to particles producing charged particles that gradually 
disperse vertically, reaching the ground some distance away. The charged particle 
concentration was significantly higher than background even at the maximum distance of 100 
m measured. A detailed description of these results may be found in Jayaratne et al (2015c). 
 
Roadside measurements 
While it is well-known that overhead power lines produce ions, it is not commonly 
recognized that motor vehicles emit large quantities of ions into the environment (Yu et al., 
2004; Maricq, 2006). Unlike in power lines, where the emitted ions subsequently attach to 
particles in the air, the tailpipe emissions from motor vehicles already include large quantities 
of charged particles. This is because the combustion process within motor engines produces 
both particles and ions. Jayaratne et al (2014) used the NAIS to monitor charged particle 
concentrations near several busy motorway sites in Brisbane. Fig 4 shows the NAIS located 
near the SE Freeway a few kilometres south of Brisbane. Fig 5 shows a typical time series of 
the charged particle concentrations measured by the NAIS near the kerb over a short period. 
The red points shown as positive values on the vertical axis represents the positive charged 
particle concentration while the blue points representing negative charged particle 
concentration are shown as negative values. Motor vehicles generally emit equal numbers of 
positive and negative charges and this is reflected by the near-mirror image pattern of the two 
polarities measured near the road. The large fluctuations are symptomatic of the traffic which 
varies in density and type. The large concentration spikes are from heavy duty diesel trucks 
which emit ten times as many charged particles as petrol cars. Some of the variation is also 
due to other factors such as wind gusts. The total charged particle concentration near the road 
was of the order of 20,000 cm-3, with significantly enhanced concentrations even as far as 
400 m from the road. This was the first study of the spatial distribution of charged particles 
near roads anywhere in the world. 
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 In a later paper (Jayaratne et al, 2015), we showed that the charged particle 
concentration near a busy motorway carrying a large number of heavy duty diesel trucks was 
approximately five times higher than the mean value found under high-voltage overhead 
power lines. Hence, we argued that motor vehicles, not power lines, constituted the largest 
source of ions in urban environments. 
 
Other studies 
In addition to the above studies, we have used the NAIS in several other monitoring 
campaigns outside Brisbane. These include measurements at the Heron Island monitoring 
station on the Great Barrier Reef in 2013, monitoring air quality near savannah fires at Gunn 
Point near Darwin in the Northern Territory and aboard the RV Investigator in the Southern 
Ocean in 2015. It was also used in a three-month extensive air quality monitoring campaign 
to study the intense haze episodes in Beijing, China, in late 2015. Having spent two more 
months on the RV Investigator in the Southern Ocean and on a voyage from the ice edge to 
the equator in mid-2016, it will be monitoring the air passing over the Great Barrier Reef at 
Mission Beach near Cairns before being sent to monitor NPF during haze events in Hong 
Kong in November 2016. 
  
Conclusions 
In this paper, we have presented details of all projects that have been carried out in Australia 
using a NAIS. This is the first use of a NAIS in Australia. The findings are significant as it 
has enabled us to monitor for the first time in Australia charged and neutral particles at the 
very sizes that they are formed. Detailed results of the studies of the monitoring campaigns 
conducted in an ambient urban environment, under overhead high-voltage power lines and in 
the vicinity of busy roads may be found in the published literature (Jayaratne et al, 2011, 
2014, 2015a,b,c, 2016). We have also used the same instrument to monitor emissions from 
savannah fires in the Northern Territory and in other studies at locations in Beijing, the 
Southern Ocean, Antarctica and the Great Barrier Reef. These results are in the process of 
being analysed and will be published in the near future. We believe that all these studies have 
led and will no doubt continue to lead to an increased understanding of the role of ions and 
charged particles in these diverse environments. 
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Table 1: Summary of NPF observations in Brisbane 
 
Parameter Units Mean Value Range 
Frequency of occurrence % 41 - 
Maximum particle number concentration cm-3 76,000 50,000 – 150,000 
Maximum charged particle concentration cm-3 6000 4000 – 12,000 
Rate of increase of particles cm-3 h-1 37,000 25,000 – 100,000 
Time of inception hh:mm 8:30 7:30 – 12:00 
Duration of NPF min 60 30 - 180 
Duration of growth h 4 2 - 7 
Coeff of Unipolarity  1.05 1.00 – 1.12 
Charging state ratio  0.85 0.80 – 0.95 
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Figure Captions 
 
Fig 1: The NAIS in the laboratory sampling ambient air from outside a window. 
 
Fig 2: An example of a data spectragram obtained with the NAIS showing an NPF event 
with the typical ‘banana’ profile. 
 
Fig 3: The charged particle concentration as a function of downwind direction from an 
overhead high-volatage power line located at distance 0 m. 
 
Fig 4: The NAIS sampling near the kerb of the SE Motorway in Brisbane. 
 
Fig 5: A short time series of the positive (red) and negative (blue) charged particle 
concentrations near the kerb of a busy motorway. 
 
  
13 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 1 (Jayaratne) 
14 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 2 (Jayaratne) 
1
10
6 8 10 12 14 16 18 20 22
Pa
rt
ic
le
 Siz
e (
nm
)
Time (hh)
15 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 3 (Jayaratne) 
 
16 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 4 (Jayaratne) 
 
17 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 5 (Jayaratne) 
  
18 
 
AUTHORS 
 
Rohan Jayaratne 
Senior Scientist, International Laboratory for Air Quality and Health, Queensland University 
of Technology. 
r.jayaratne@qut.edu.au 
 
Buddhi Pushpawela 
PhD student, International Laboratory for Air Quality and Health, Queensland University of 
Technology. 
 
Xuan Ling 
Research Assistant, International Laboratory for Air Quality and Health, Queensland 
University of Technology. 
 
Lidia Morawska 
Professor and Director, International Laboratory for Air Quality and Health, Queensland 
University of Technology. 
 
 
